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Abstract 
In this review, the operation and functionality of batteries used in industrial applications will be 
investigated. It will be discussed how and why batteries degrade and lose efficiency because of improper 
thermal management and based on that it will be explained what methods and techniques can be applied 
to reduce this impact. Through this, it will be explained how heat management methods could be used 
to thermally control batteries. In addition to this, it will be indicated what technologies can be employed 
to manage thermal boundaries of batteries. A comprehensive review of the current state of the art 
technologies currently used will be followed by that which will include how these technologies can be 
applied as thermal management systems for batteries. 
1. Introduction 
With the growing trend of increase in fuel prices and the ever-growing rising concern regarding 
greenhouse gas emissions, the engineering industry has developed an interest in using renewable energy 
sources and developing clean energy transport systems [1-2]. In this regard, the use of batteries has been 
regarded as one of the most important ways of transporting and storing electrical energy [3]. 
The rapid growth of energy demand which is associated with the rising global population has also 
promoted the need for more efficient and bigger energy storage systems [4]. On the other hand, targets 
set by governments and authorises such as Horizon 2020 by the European Union also calls for special 
attention towards developing more effective electrical storage systems [5-6]. In this respect during 
recent years, new batteries have emerged which offer promising energy storage technology with 
benefits such as higher gravimetric and volumetric energy density and lower self- discharge rate [7]. 
Within energy storage system design, it is investigated that factors such as temperature rise or fall, 
overheating, freezing and non-uniform temperature distribution between battery cells can negatively 
impact performance, safety and cycle lifetime of batteries. For instance, as Lin [8] discovers, a 
temperature range between -10 to 50°C has been reported as an optimum temperature range for a 
lithium-ion battery. However, a better performance from the battery has been observed in a more 
restricted range temperature range of +20 to 40°C [9].  Motloch [10] investigates that for every 1°C 
increase in Li-ion cell temperature in an operating range of 30 to 40°C, the lifetime of the battery is 
reduced by approximately two months. From the research conducted by Zhang et al. [11] it can be 
discovered that the capacity of Li-ion batteries can decrease by almost 95% when the cell is operating 
at a sub-zero temperature of -10°C compared to that at 20°C. Hutchinson [12] discovers for a lead acid 
battery the ideal operating temperature is in the range of 25-50°C. It is explained that for a lead acid 
battery, for every 8°C rise in temperature, the battery life is cut in half. For instance this as can be seen 
from Figure 1, which shows how effective capacity of a lead acid battery is effected by temperature. 
  
Figure 1. Effect of Temperature on Effective Capacity [12]. 
It is illustrated for nickel based batteries such as the nickel-cadmium (NiCd) and the nickel-metal 
hydride (NiMH) batteries, the operating temperature is in the range of -20 to 50°C for both charging 
and discharging [13]. However, the actual capacity of these batteries was reduced significantly when 
the temperature went below 10°C and above 30°C [14].   
As Anderson [15] explains, depending on the type of battery and the material used to build the battery 
cells, a different temperature range and therefore a different thermal management system should be 
applied. Khan et al. [16] investigates that the optimum operating cell temperature range for most general 
batteries is near room temperature and between 15 – 35°C. 
It is explained by Cen et al. [17] that the chemical reaction which occurs in batteries during charging 
and discharging directly affects and depends on temperature. In simple terms, all batteries operate based 
on an electrochemical process and their performance largely depends on temperature. It is investigated 
that the electrochemical reaction within the batteries can be initiated by either voltage difference or 
temperature.  
With respect to the temperature change within cells, Bernardi and Pawlikowsk [18] developed a model 
for approximating heating rate within a battery cell. The total heat generation rate, 𝑄𝑄,  is given as the 
summation of both irreversible and reversible heat generation. The irreversible heat generation, 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 is 
always exothermic and given by, 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 =   𝐼𝐼2𝑅𝑅𝑖𝑖      (1) 
where 𝐼𝐼 is the current, and 𝑅𝑅𝑖𝑖 is the internal resistance of the cell which comprises the sum of ohmic, 
activation and diffusion polarisation resistances. 
The reversible heating component comprises reversible entropy change, enthalpy of mixing effects, 
phase change terms and heat capacity effects. Since the heat capacity of cells is largely constant 
throughout operation, this term is often simplified to an average value, whilst enthalpy of mixing effects 
and phase change terms are neglected for a simple approximation.  
𝑄𝑄𝑖𝑖 =   𝐼𝐼𝑇𝑇𝐶𝐶
𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑
      (2) 
It should be noted that the cells will lose some heat to the environment and this is given by, 
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐 = −ℎ𝐴𝐴(𝑇𝑇𝐶𝐶 − 𝑇𝑇𝑎𝑎)      (3) 
where ℎ is the convective heat transfer coefficient and 𝐴𝐴 is the surface area for heat transfer. This 




=  𝐼𝐼2𝑅𝑅𝑖𝑖 + 𝐼𝐼𝑇𝑇𝐶𝐶
𝑑𝑑𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑
 − ℎ𝐴𝐴(𝑇𝑇𝐶𝐶 − 𝑇𝑇𝑎𝑎)    (4) 
Based on this theory, it can be explained that the hotter the battery, the higher the efficiency due to the 
reduction in cell internal resistance 𝑅𝑅𝑖𝑖. However, this results in an increase of unwanted electrochemical 
side reactions which in turn results in a number of negative impacts on cell performance such as higher 
self-discharge rate, increase in capacity loss, oxidation of anode and cathode materials and a marked 
reduction in cycle life [19-20]. This highlights the importance of temperature regulation within a battery 
cell and therefore the need also to understand the relative benefits of different thermal management 
techniques. 
In this regard, several studies have been conducted on thermal management of batteries which 
investigate, develop and introduce techniques and technologies to thermally control the temperature 
range of battery cells and therefore improve their functionality and efficiency. Hutchinson [12] explains 
that thermal management of batteries is an important topic as temperature directly affects the power 
availability, driveability and durability of the battery cells. 
Thermal management of batteries mainly includes the use of air cooling, liquid cooling, and phase 
change materials [21]. It is discovered that air and liquid cooling techniques are the most extensively 
used methods due to low cost and simple functionality advantages [19-23]. Nevertheless, it is 
investigated that other technologies that incorporate heat pipes have also been used to both heat and 
cool batteries and enhance the thermal management [24].  
In this paper, different types of rechargeable batteries used in industrial applications will be studied. By 
considering how temperature will affect each type of battery, thermal management principles and state 
of the art technologies developed and used for several applications will be considered and analysed. 
From this, a conclusion of the topic will be obtained which will help to understand how and why thermal 
management of batteries for industrial applications is important and how it can be achieved.  
In this regard, the functionality and applications of heat management techniques and methods will be 
investigated. Through a state of the art literature review, different types of batteries and their 
applications will be discovered and based on that it will be explained what technologies can be used to 
manage battery thermal boundaries. 
2. Functionalities and Types of Batteries 
A battery is a chemical self-contained pack that can produce a certain amount of electrical energy 
whenever and wherever it is needed [15]. Batteries are used in many types of equipment, appliances 
and even vehicles [25].  The basic unit which produces power inside a battery is called a cell [26] and 
compromises three main components, consisting of two electrodes that are made out of conductive 
materials known as the anode, the cathode and a chemical known as the electrolyte [27].  
The anode which is connected to the negative end of the battery attracts electrons that are dissipated 
from a chemical reaction which takes place in the battery. This results in an electrical difference between  
the positively charged cathode and the negatively charged anode [28]. The electrolyte makes the battery 
conductive by helping the movement of ions from the anode to the cathode when discharging or in 
reverse when charging, and acts as a shield so that the electrons do not travel directly to the cathode 
when connected to a source [29]. 
For instance and as shown in Figure 2, in a typical dry cell battery, the chemical reaction that takes 
place between the zinc alloy, or the negatively charged anode inside the battery, results in an unstable 
build-up of the electrons which would flow towards the graphite core of the battery that works as the 
positively charged cathode. However, due to the existence of the ammonium chloride paste as the 
electrolyte, the electrons are kept from going straight from the anode to the cathode, preventing a cell 
short circuit condition. Nonetheless, when the circuit is closed (through a link), the electrons are able 
to get to the cathode, powering up a device such as a lamp [30]. 
 
Figure 2. Internal Arrangements and Current Flow of a Dry Cell Battery [31]. 
Batteries in general are classified as primary or secondary depending on whether they are non-
chargeable or rechargeable, respectively. A non-rechargeable battery is a battery which cannot be 
charged and needs to be disposed of when it is fully used. As can be seen from the table, these batteries 
are mostly used for domestic applications, seldom require thermal management and are considered to 
have a much shorter operating life than rechargeable batteries [32]. For the purpose of this report, only 
the functionality, application and the methods of thermal management for rechargeable batteries that 
are used in industrial applications will be investigated. As Broussely and Pistoia [33] explain, batteries 
such as lead-acid, nickel-cadmium, nickel-metal hydride, alkaline and lithium-ion batteries are the 
rechargeable types of batteries which are used in industrial applications.  A rechargeable or secondary 
battery is a battery which can be charged and reused even after it has lost all or some of its charge. The 
battery works by accumulating and storing energy by taking advantage of a reversible electrochemical 
reaction [34]. This reaction occurs between a different combination of electrolytes and electrode 
materials and results in the flow of electrons in the battery. Table 1 shows the rechargeable battery types 
with their descriptions and uses [35]. 
Table 1. Secondary battery types including their materials and usages. 
Battery Type Description Material Uses 
Nickel-Cadmium 
(NiCd) 
Popular recharge battery and least 
expensive of rechargeable. Look for 
recycle logo or words “battery must 









Cadmium-free replacement for 
NiCd, more expensive but 
considered to be less toxic. Look 
like NiCd batteries.  
Nickel, potassium 
hydroxide. 






Expensive. Varied-shapes, depends 
on use. High power and energy 
density. 
Copper, aluminium, 
carbon anode, various 
cathode materials such 








Moderate performance compared 
with Ni-Cad, but costs less and 






Same uses as normal 
alkaline and carbon-zinc 
batteries. 
Lead-acid Lead acid batteries are a common 
battery found in many vehicles to 
provide power for engine starting.  
Lead, sulphuric acid Car batteries, alarm 
systems, emergency 
lighting. 
As seen from the tables shown above, each battery is made of a different material and is used for a 
different purpose. 
 
Figure 3. Ragone Plot of battery energy vs power [36]. 
Figure 3 shows the relative characteristics of each battery type in terms of its power and energy density. 
Use of the Ragone plot for the cell level specification gives an idea of how batteries can be selected for 
a given industrial application. 
As can be seen from Figure 3, Li-ion batteries offer the highest amount of Specific Energy at nearly 200 
Wh/kg and the highest Specific Power at almost 10000 W/kg. This is then followed by NiMH and NiCd 
batteries which propose Specific Power of 2000 – 1000 W/kg with Specific Energy of approximately 
80 – 50 Wh/kg. Having said that, NaNiCl2 batteries deliver a higher Specific Energy at almost 120 
Wh/kg, but, have the lowest Specific Power at a sum of nearly 150 W/kg. Lead-acid or Pb batteries on 
the other hand offer Specific Power at around 200 W/kg and the lowest amount of Specific Energy at 
almost 30 Wh/kg. 
2.1. Lead-Acid Batteries 
As can be guessed from the name, lead-acid batteries employ lead as the conductor and an aqueous acid 
solution as the electrolyte. As Dinis et al. [37] explains, the cell of the battery compromises two lead 
plates as electrodes that are immersed in a water solution with sulphuric acid. The battery is suggested 
to be the oldest type of battery and is used in many applications such as starting automobiles, powering 
electric trucks, delivering back-up and emergency power and several other purposes [37-40]. As 
Buchmann [31], and Hariprakash et al. [32] describe, the main component of the battery which is lead, 
is mainly associated with zinc, copper and silver and has the highest recycling rate of all materials in 
the world. The electrolyte, or the battery acid, is sulphuric acid that has been diluted with water to a 30-
40% level of concentration depending on the battery type [41]. Sulphuric acid is described to be 
extremely corrosive and toxic [42].  
Lead-acid batteries are inexpensive when compared to other types of batteries. The battery usually 
consists of two sets of three 2-volts single cells or one set of six 2-volts single cells that are connected 
in series [43]. The battery does not generate electricity on its own and only functions by storing 
electrical energy in terms of ions in the battery cells [44]. This means that lead-acid batteries require 
charging through an external source before they can be used.  
As Lawson [45] explains, lead-acid batteries tend to generate heat during charge and discharge. This 
results in an internal temperature rise and capacity increase of the battery by 1%/°C. Diemand [46] 
notes if the internal battery temperature falls below the specific operating temperature of the battery, 
degradation and damage of components and materials in the battery can be caused.  As McKinney et al. 
[47] investigates, in lead-acid batteries an internal temperature in excess of 50°C can accelerate the 
corrosion and reduce the capacity of the battery. The charge and discharge temperature range of lead-
acid batteries are found to be in the range of -20°C to 50°C [44]. 
2.2. Nickel-Cadmium (NiCd) Batteries 
Nickel-cadmium batteries employ an alkaline chemistry composite to provide an energy density almost 
double of lead-acid batteries. The battery uses nickel hydroxide [Ni(OH)2] as the cathode, cadmium 
(Cd) as the anode, and an alkaline hydroxide solution in the form of potassium-hydroxide (KOH) as the 
electrolyte [48]. This has provided the battery with the opportunity to be produced in small sizes and at 
the same time have a high capacity rate. The cost of manufacturing these batteries has also been  shown 
to be very low [49]. These features have made the battery particularly desirable for portable and 
consumer applications where weight and price are of interest. Nevertheless, other explored advantages 
for the nickel-cadmium batteries include high rate of charge and discharge, high operating temperature, 
a high number of operating life cycle, rapid charging capabilities, high coulombic efficiency, and low 
internal resistance [50].  
A major drawback of this type of battery is having a susceptibility to memory effect, which means that 
the battery needs to be discharged completely before it can be recharged again [51]. Nevertheless, 
factors such as having low cell voltage, having expensive constituent materials due to the high cost of 
cadmium, and being environmentally unfriendly due to the materials used to fabricate the battery are 
other disadvantages with this battery type [52]. 
2.3. Nickel-Metal Hydride (NiMH) Batteries 
Nickel-metal hydride batteries are a substitution for nickel-cadmium batteries. This battery uses the 
same composites that are used for nickel-cadmium batteries but employs hydrogen instead of cadmium 
as the anode [13]. The anode in this battery is made from a metal hydride such as lanthanum and actinide 
alloys that can be used as a solid component, which incorporates reduced hydrogen and can be oxidised 
to form positive charge. The electrolyte used in this type of battery is made of potassium hydroxide, 
which produces cells that can typically supply 1.2 Volts. The energy capacity of NiMH batteries are 
typically double of lead-acid batteries and NiCd batteries [53]. These batteries enable higher charge and 
discharge rates. However, much like nickel-cadmium batteries are prone to memory effect. One 
advantage of this cell type over a nickel-cadmium battery is that the materials used in manufacturing 
are considered to be more environmentally friendly [54]. Nevertheless, these batteries are still found to 
be more expensive than lead-acid and nickel-cadmium types.  
This type of battery has previously been used in automotive applications where safety and high life 
cycle is of interest. The operating temperature of the battery has also explored to be extended in a wide 
range and between -30°C to 65°C, which also makes them very applicable for automotive use [55]. 
Having mentioned that and as explained by Brian Mok [56], NiMH are no longer a common technology 
for automotive use due to the lower energy and power density when compared to Li-Ion.  
NiMH batteries typically have a high rate of self-discharge, suffer from memory effects but to a lesser 
extent than NiCd and the cycle life can deteriorate over time. The cell voltage of NiMH is typically 
around 1.2V meaning more cells are required to make up a large-scale battery. Other limitations of its 
application are the requirement for safety vents in case of excessive gas generation and a low actual 
coulombic efficiency and discharge rate if charged fast [57]. 
2.4. Alkaline Batteries 
Alkaline batteries are investigated to be the most popular battery types used for general applications as 
shown in Table 2. In this battery, an electrochemical reaction occurs between a metal and oxygen and 
free electrons are generated [58]. Alkaline batteries are usually as the primary type, however, new 
rechargeable alkaline manganese batteries also known as (RAM) have been developed which offer the 
same benefits as the primary type but they can be recharged [59]. These batteries incorporate potassium 
hydroxide (KOH) as the electrolyte, zinc as the anode and manganese dioxide as the cathode [60]. This 
combination makes the alkaline batteries not suffer from memory effect, unlike the nickel based 
batteries. The battery also offers four times more size capacity when compared to nickel based batteries 
and is very suitable for applications when a high drain rate is required [61]. The battery, on the other 
hand, is made out of non-toxic materials and is investigated to be suitable for a wide range of 
applications as they come in a wide range of sizes [62]. Having said that, it is discovered that the RAM 
cells have a very limited life-cycle and can be expensive to manufacture [63]. 
2.5. Lithium-Ion Batteries 
As can be suggested, this battery contains a combination of lithium compounds as the main component. 
Lithium is investigated to be the lightest of metals, which has the best electrochemical properties 
between all the reactive metals. This enables batteries such as lithium-ion batteries to potentially have 
the greatest energy to power ratio, makes it suitable for heavy use and standby power applications [64]. 
Several different types of lithium-ion batteries have been made, each with different properties and for 
different applications.  
The lithium-ion battery typically uses carbon as the anode, employs lithium compound such as 
LiMnO (LMO), LiFePO (LFP), LiTO (LTO), LiCO (LCO), LiNiMNCoO (NMC) as the cathode. It is 
discovered that these varieties of cathode material formulation give the cell its characteristics. Much 
development is ongoing in this field since a major breakthrough in 1990 by Dahn et al. [65] who 
achieved successful intercalation and de-intercalation of lithium ions using a graphite-based anode 
material and solvent electrolyte mixture [64-66]. 
This combination of chemical products makes the lithium-ion battery great to provide high energy 
density. This makes the battery a suitable choice for portable equipment and applications where 
weight and size are of paramount importance [67].  
The compact size and high energy density of this battery type increases the need for a more complicated 
safety system to control the thermal profile of the cells. This results in a more complex battery system 
overall and this can increase manufacturing costs. However, the continuous improvement of li-ion 
polymer-based separators over recent years have mitigated many of the safety concerns in this respect. 
As the volume of manufacture for this battery type has increased, the cost of production has reduced 
dramatically making li-ion a common choice for automotive and energy storage applications [68].  
Lithium-ion batteries have many attractive advantages over other industrial battery types and 
chemistries are available which cater for high power and high energy applications. When compared 
with the aforementioned battery types, li-ion cells offer a range of benefits including high cell voltage, 
low self-discharge, high cycle life and lower internal resistance and a high coulombic efficiency, often 
above 99% in beginning of life cells [69].  
In order to protect these desirable characteristics, the battery requires a method for preventing 
overcharge, overdischarge and maintaining temperature conditions within specific limits. Typically, 
this is achieved through the use of a battery management system. Without this, li-ion batteries suffer 
from a plethora of degradation mechanisms which ultimately results in capacity or power fade. At 
elevated temperatures a li-ion battery, depending on its exact chemistry, can suffer from growth or 
decomposition of a layer known as the solid electrolyte interphase, or interface in some literature. 
Damage can also occur to the electrolyte within the cell and to the binder agent which attaches the anode 
and cathode materials to the copper and aluminium current collectors [69-70]. Nonetheless, the battery 
can also become inefficient and unreliable when it is low in charge or operated at low temperatures.  
3. Thermal Management    
As  shown in Figure 4, the performance of a battery can change drastically with temperature [71-73]. 
As can be seen, the capacity of the battery drastically decreases as the operating temperature decreases 
and vice versa. However, at elevate temperatures a reduction in cycle life is witnessed in most battery 
types. As Jaguemont et al. [74] explains, this is mainly caused as the extremely low temperature can 
freeze the battery and cause reduction of capacity whilst higher extreme temperatures can destroy the 
active chemical components in the battery. The cell temperature performance, however, improves when 
the temperature of the battery is kept between limits as shown in Table 2. 
 
Figure 4. Performance of a battery with Temperature [73]. 
Table 2: Operating Temperature of Battery Types used for Industrial Applications. 
Reference Type of Battery  Charging Temperature Discharging Temperature 
 
[75] 
Lead acid -20°C to 50°C -20°C to 50°C 
NiCd,NiMH 0°C to 45°C -20°C to 65°C 
Li-ion 0°C to 45°C -20°C to 60°C 
 
As it is investigated so far, all batteries function based on an electrochemical process and as shown 
above, the operating performance of batteries depends largely on temperature. As Wang et al. [76] 
discovers, the internal chemical reaction which occurs inside a battery is activated either by temperature 
or voltage difference. In simple terms, the hotter the battery gets, the quicker the electrochemical 
process takes place, up until to a certain temperature. Saw et al. [77] further explains that the rise in 
heat will also result in the increase of unwanted side reactions within the battery which cause loss of 
battery capacity and a bigger self-discharge rate. As aforementioned, depending on the battery type, the 
rise of battery temperature can result in corrosion, passivation on the anode and cathode electrodes, 
gassing and ultimately as a result for all battery types, reduction  in cycle life. In conclusion, it can be 
explained that temperature has several adverse effects, both on the cycle life and performance of a 
battery, due to the electrochemical reaction of the battery. This is further explained by the Arrhenius 
equation shown below, which defines the relationship between the rate of electrochemical reaction and 
temperature [78].  
𝑘𝑘 = 𝐴𝐴𝑒𝑒−𝐸𝐸/𝑅𝑅𝑑𝑑       (5) 
Where 𝑘𝑘 is the rate at which electrochemical reaction takes place, 𝐴𝐴 is a constant factor related to the 
frequency of molecules collision over a temperature range, e is the Euler's number, 𝐸𝐸 or the activation 
energy is a constant which represents the minimum energy required to initiate the reaction, R is the 
Universal Gas Constant, and T is the temperature in Kelvin.  
The above equation shows that the rate at which the reaction takes place rises rapidly as the temperature 
increases. It is explained that in general, a rise in temperature of approximately 10°C, increases the 
chemical reaction rate inside the battery and reduces the battery life by almost a factor of two [79]. This 
means that in terms of battery life, one-hour operation at 30°C is the same as two hours operation at 
20°C. Heat can be described as the number one enemy of batteries and as it was shown through Equation 
5, a small rise in the value of 𝑇𝑇 would affect the chemical reactions and a result the performance of the 
battery by a large sum.  
This is also apparent in Figure 5 where it is clear that the life of a typical lead-acid battery is shortened 
by almost 27 years when it is operated at high temperatures. This shows that if the battery temperature 
could be kept at for instance 15°C, the life of the battery could be extended and the battery would retain  
just below 95% of its original capacity for a significantly longer period of time [80]. 
 
Figure 5. Typical Lead-Acid Battery Capacity vs Age at Different Operating Temperature [80]. 
Other examples of where the temperature could directly affect the performance and age of a battery is 
the case of the nickel-metal hydride electrochemistry where a constant exposure to a temperature of 
45°C increases the self-discharge rate and brings the battery life down by almost 60% [81]. Apart from 
this, the steady degradation of the battery over time, overheating of the cells under certain conditions 
can result in damaging of the cell. This condition can also occur under normal operation of the battery 
where the heat loss from the battery exceeds the safe operating temperature of the cell, causing extreme 
thermal runaway and ultimately the destruction of the battery [16].  
The conclusion is that the rapid increase of the cell temperature during charging and discharging can 
affect the battery in many defective ways. The high temperature of the battery can initiate undesirable 
and adverse electrochemical reactions that can result in failure of the battery. This, therefore, indicates 
that if the batteries are thermally controlled and maintained, more life and capacity and power can be 
obtained and their performance can be optimised.    
There are a number of ways in which performance can be optimised and safety maintained within a 
battery pack. Figure 6 shows a system level architecture of how battery packs can be thermally 
managed. The exact temperature at which these controls are managed may be unique to each battery 
pack configuration. 
 
Figure 6. Thermal management architecture within an industrial battery pack. 
The most basic of thermal controls is a cell level safety control. For instance, in a lithium-ion battery 
the first level of protection is an intrinsic safety device built into most commercial cells. These typically 
feature thermal safety controls such as a current interupt device (CID), a positive thermal coefficient 
(PTC) current limiting switch and a burst pressure disc to release excessive internal pressure as a failsafe 
for other thermal controls not operating correctly [82].  
Beyond these failsafes, modern battery packs are equipped with complex system level thermal 
management systems which control the level of available current based on the temperature of the cells. 
That is to say that the current is reduced when the temperature of the cells reaches the edges of the 
normal temperature operating window. The result is that the system functions within the specification 
temperature limits. In order to facilitate this function, many battery packs are installed with protection 
circuits to monitor the levels of temperature within the cells. 
However, even with these basic thermal management controls in place, where battery packs function 
without the assistance of a cooling system this does not mean that the life of the cells can be prolonged. 
Much tighter thermal controls of battery cells are required in order to provide this. Where large energy 
storage systems are created with multiple cells connected in series and parallel, the performance of the 
pack is determined by the most limiting cell in the pack (the highest temperature cell or the lowest 
available capacity). The single weakest cell cannot function outside its normal operating window and 
so each cell must adopt the same thermally controlled current limits. This means the performance of the 
whole pack is reduced as a result. It is for this reason that the homogeneity of temperature across each 
individual cell in a lithium-ion battery pack is a principal concern. 
3.1. Battery Thermal Management Techniques and Benefits 
As Zhoujian et al. [83] indicate, thermal management of batteries can be classified into two categories, 
heating and cooling. Ghadbeigi et al. [84] discover it is relatively easy to thermally manage a battery 
that is suffering from low-temperature effects. As Woodbank [85] describes, this can be simply achieved 
by using the internal energy of the battery to heat up the cells using controlled heating elements and 
bringing the battery up to the optimum operating temperature. On the other hand, other methods include 
keeping the battery constantly on charging and discharging cycles which will result in the continuous 
generation of internal temperature. This can result in a phenomenon known as lithium plating, as 
described by Zinth and Lüders [86], which can lead to a reduced battery lifespan and even short-circuits 
due to lithium dendrite growth. 
Techniques that are employed to cool down batteries can be however, more complicated than the 
methods used for heating. These systems tend to make the use of several heat transfer principles to 
actively or passively take the generated heat away from batteries and by cooling them, improve their 
cycle life. The efficiency of a battery on the other hand and as explained before tends to increase with 
temperature, as the internal resistance is reduced due to higher temperatures, resulting in lower power 
losses and hence a higher efficiency. The main advantages offered by cooling techniques include 
dissipation of excessive heat, protection from overheating, uniform distribution of heat through the 
battery pack, and system performance improvement [87].  
3.1.1. Overheating Protection 
As mentioned before and indicated through the Arrhenius Law, for every 10°C internal temperature 
increase, the internal chemical reaction of the battery cell doubles, which in return will result in more 
stress to the battery and deterioration of the cells.  
Protection from overheating in simple terms involves observing the temperature of a single cell or the 
battery pack and deciding whether the temperature level is in an acceptable range or not.  
For instance, Littelfuse [88-89] designed a battery management system to thermally control and protect 
a Lithium-ion polymer battery from overheating by monitoring the charge and discharge conditions at 
the cell level. Using protection circuits as Hu [90] reports, will provide a shield against unexpected 
overheating of the battery while keeping thermal impacts to a minimum.  
3.1.2. Heat Dissipation 
As explained before, when a battery is overheated and its operating temperature limits are reached, the 
current flow within the battery can be reduced.. It is explained that heat flows by the mean of radiation, 
convection and conduction out of the battery cells and thus in order to prevent the battery pack from 
overheating, it should be designed in a way to naturally keep the temperature of the cells down [91]. 
This was demonstrated by Rohatgi [92] where a plate as heat conducting pathways was placed between 
each cell to allow natural air flow through the battery pack. On the other hand, Na [93] designed a novel 
contraption which incorporates rectifier grids that allows airflow between cells and manage to reduce 
the average temperature of the cells by almost 3°C. Having demonstrated this, it should be noted that 
this method is ideal for low power batteries that do not generate much heat.  
3.1.3. Heat Distribution 
Although the above-mentioned method could help to bring the average temperature of the battery down, 
as Rabczak et al. [94] reveal, localised hot spots could still be developed inside the battery pack which 
can violate the operating temperature limit. This,  as investigated by Lu et al. [95], will largely affect 
the inner cells which are located in the middle of the pack with no benefit of convective cooling on their 
outer surfaces.  In this study, it was demonstrated that in order to reduce the effect of heat conduction 
from the hot spot of one cell to another, the cells were separated and cool air was directed between the 
cells to remove the heat. In another study conducted by Lu et al. [96], air was forced through several 
cooling channels that were placed around the cells of a densely-packed battery box and by taking heat 
from the cells, the generation of hot spots was also drastically reduced.  
Passive methods can also be employed, as illustrated by Jaguemon et al. [97], to dissipate heat from the 
cells and distribute heat throughout the battery pack without the need of any energy input to the system. 
For example, Huber [98] studied how the use of a phase change material (PCM) over a battery pack 
can absorb heat from the cells and be used that to change the state of the PCM from solid to liquid. This 
in return increased the potentiality of the heat flow all over the battery pack, thus equalising the 
temperature of the cells. Alrashdan et al. [99] successfully showed an improvement in thermal control 
of the battery cells in a study which employed graphite sponge, a material with high conductivity,  
soaked  in wax as a thermal transfer medium to absorb more heat from the battery cells. One possible 
limitation of this approach is the availability of a PCM with a transition temperature which matches the 
desired operating temperature for optimisation of the battery pack cycle life. 
3.2. Techniques used for High-Performance Applications 
Thermal cooling systems for high power applications can however be different in design when  
compared to the methods explained above, which are normally used for low power applications. As 
explained by Sabbah [100], passive cooling techniques may not be sufficient enough to achieve the 
optimum operating temperature of the battery and active cooling may be required. One limitation of 
this approach is the need for additional power for this system, which adds weight, complexity and can 
reduce the efficiency of the system. The use of such systems should therefore be avoided if possible. 
However,  as demonstrated by Lee [101], a fan can be employed to blow air to the battery packs of a 
hybrid electric vehicle and thermally cool down the cells to the optimum operating temperature. In 
another study, conducted by Chen et al. [102], air flow was forced through a set of lithium-ion battery 
cells which were placed in a specially designed duct and by increasing the air velocity, the temperature 
of the battery pack was reduced. Using active forced air cooling is investigated to be a relatively simple 
and low-cost arrangement for thermal management of batteries [101], however it is investigated that 
the low and limiting heat transfer rate offered by the system make this method ineffective when dealing 
with high thermal applications as in high power batteries.  
Li et al. [103] nevertheless, came up with a novel air cooling technique by combining a 1.5mm double 
silica cooling plate with copper mesh and demonstrated that by passing air at a velocity of 3.5 m/s, the 
maximum temperature of a lithium ion battery pack during a 5C discharge process can be reduced by 
almost 10℃. This study investigated the effectiveness of the proposed technique by monitoring the 
temperature of the batteries at different air velocities and different thickness of the heat absorption 
material. 
Methods such as liquid cooling have also been used and tested which are a more common technique for 
high thermal application where, due to the operating temperature of the battery cells, forced air 
techniques cannot be used [104]. When the cooling rate that needs to be applied to the system is very 
high, working fluids with a high thermal capacity can be employed as a medium to transfer heat from 
the battery cells. For example, Patil et al. [105] in an experiment proposed a method which uses mineral 
oil as a coolant that is passed through channels that hold lithium-ion battery cells. It was determined 
this technique can reduce the average temperature of the cells and provide a temperature uniformity 
below 1ºC for the battery pack, which will result in an extension of lifetime and durability of the battery. 
Shang et al. [106] on the other hand, proposed a liquid cooling system by designing a series of heat 
absorption plates that can be used for surface cooling of lithium-ion battery packs. As can be seen from 
Figure 7, the cooling plates are in direct touch with the surface of the battery packs. In this design, as 
the temperature of the batteries increases, the coolant that can be a mixture of glycol and water is 
pumped through the cooling plates to absorb and take the heat away from the battery packs. In this study 
and through an experiment, it was demonstrated that with the use of this technique, the temperature of 
the battery packs could be kept at below 35℃, which is an ideal operating temperature for lithium-ion 
batteries. 
 
Figure 7. Battery pack cooling system incorporating liquid cooling plates by Shang et al. [106]. 
Other techniques are also available which incorporate heat recovery methods and can be used to 
improve the overall efficiency of the cooling system. In simple terms, these systems can be integrated 
with the vehicle climate control system to take heat from the battery pack and transfer that to, or from, 
the passenger compartment or be used to generate electricity. This for example, was shown by Ohno et 
al. [107] where 30% of the energy required for a vehicle cabin heating was recovered from the battery 
pack of an electric vehicle through a plate heat exchanger. 
It should be indicated that such a system can be useful during cold weather operation  but may have a 
limited usage when the ambient temperature is high. This process can also be applied to thermally 
manage and cool down the battery pack. For instance as demonstated by Toyota [108], cabin air 
temperature of a Toyota Prius is controlled by the main air conditioning system of the vehicle and then 
passes around the battery pack for cooling. This air-cooling system is discovered to be more efficient 
than similar air-cooling types and the battery is investigated to have a greater energy regeneration range 
[109]. 
In another experiment conducted by Al-Zareer et al. [110], a battery cooling system was proposed which 
incorporates aluminium cold plates that are filled with liquid ammonia and are placed around the battery 
pack as shown in Figure 8. It was demonstrated that the heat from the battery pack vaporises the 
ammonia while cooling the plate and therefore the battery pack. The vapour ammonia was then diverted 
to an electrical generator where electricity is produced to charge the batteries. The proposed design in 
this experiment managed to maintain the maximum temperature of the battery pack below 25°C with a 
temperature uniformity of less than 3°C.  
 
Figure 8. Battery pack cooling system designed by Al-Zareer et al. [110]. 
Bambang et al. [111] in an experiment placed a flat plate loop heat pipe on a battery pack of an electric 
vehicle and that resulted in uniformly and effectively taking the heat away from the cells and reducing 
the temperature. In this experiment acetone used as the working fluid in the heat pipe, producing a 
thermal resistance of 0.22°C/W with 50°C evaporator temperature at heat flux load of 1.6 W/cm2.  
In another experiment, as can be seen from Figure 9, Smith et al. [112] proposed and fabricated a heat 
pipe based thermal management system for a high power battery and proved that the system can 
successfully dissipate 50W of heat load from each cell of the battery. The results from these experiments 
indicated that the recovered heat could then be used to improve the overall efficiency of the system. It 
is also concluded that using heat pipes for thermal management systems can be a very effective and 
simple option for high-performance applications. 
 
Figure 9. Battery pack cooling system incorporating heat pipes by Smith et al. [112]. 
4. Discussion and Recommendation  
So far, it is investigated that different thermal management techniques can be applied to different 
thermal related issues of a battery to enable performance and efficiency improvements. To explain this 
further, Xia et al. [113] investigates that parameters such as temperature range and variation affect a 
battery pack at cell and module level. Therefore, in order to provide a suitable thermal management 
solution, the way the heat is generated, transported and dissipated must be looked at. Furthermore, a 
different thermal management strategy means a different overall performance and parameters such as 
average temperature gradient of the battery must in particular be considered as an important factor.   
On the other hand, in every instance and in order to get the most optimum thermal management 
performance, the configuration of the system must be carefully designed. This means that parameters 
which affect the battery pack as the result of thermal related issues must be studied and based on that 
an optimum thermal management system or boundaries must be designed and configured. The table 
shown below indicates several different studies and include the thermal management method applied 
for different battery types with the results achieved. 
Table 3: Thermal Management Methods and Conclusion 
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was conducted by 
applying a thin 
sodium alginate 
film with water 
contact of 99 wt% 
directly to the 
surface of a battery 
pack. 
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larger than 1 C, the 
temperature rise 
rate can be reduced 
by almost half. 
The proposed 
method indicated to 
be a very efficient 
and convenient 
method of tackling 
the thermal surge of 
a battery pack 
without the need of 
making any changes 
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this system, the 
battery cells were 
placed in a liquid 
propane medium, 
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generated heat 
away from the 
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The results 
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method, it was 
discovered that the 
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reduced by 2.8℃ 
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It was concluded that 
using PCMs for 
thermal management 
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distribution for a 
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The experimental 
results showed that 
when the generated 
heat is around 
50W, the maximum 
temperature can be 
controlled below 
50℃, keeping the 
temperature 
uniformity at just 
below 5℃. 
It was demonstrated 
that using heat pipes 
based thermal 
management 
techniques can be an 
effective way of 
controlling and 
dealing with batteries 
that dissipate high 
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power batteries is 
configured. The 
design incorporates 
metal plates and 
heat pipes which 
are attached 
directly to the 
battery cells in a 
sandwich 
configuration. 
By using 1-5 
number of heat 
pipes in a loop 
configuration on 
the surface of the 
plate, the maximum 
temperature of the 
cells were reduced 
by nearly 10-12℃, 




It was concluded that 
the plate and heat 
pipe based system 
decreases the 
maximum 
temperature of the 
cells, however, it 
also increased the 
total price and 








A liquid battery 
thermal 
management 
method is proposed 
that employs liquid 
metal as coolant. 
The coolant is fed 
through several 
channels that 
incorporate a series 
It was discovered 
that through this 
method, the battery 
cells temperature 
that are being 
discharged at a rate 
of 3C could be 
lowered down by 
almost 7℃. 
Nevertheless, in 
The excellent cooling 
capability of using 
liquid metal for the 
liquid thermal 
management of a 
pack of li-ion battery 
was proved. It was 
noted that the use of 
this coolant will also 
bring other benefits 
of aluminium 
jackets, which are 
placed between the 
battery cells. 
comparison to other 
coolants such as 
water, the use of 
liquid metal was 
shown to reduce the 
average cell 
temperature by 
nearly 2℃.  
such as the need of 
less mass flowrate 
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air convection is 
presented and 
experimentally 
analysed. In this 
study, lithium-ion 
battery cells were 
surrounded by s 
PCM composite 
and placed into a 
rectangular air 
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that the temperature 
of the cells can be 
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The proposed system 
was shown to 
successfully prevent 
heat accumulation 
and maintains the 
maximum 
temperature of the 
battery cells under 
the optimal operating 
temperature in all 
cycles, while 




















tested. In this 
system, cylindrical 
lithium-ion battery 
It was illustrated 
that though this 
configuration, the 
temperature of the 
battery cells at a 
discharge rate of 
3C can be kept at 
below 44℃, with a 
temperature 
It was demonstrated 
that heat pipe 
assisted PCM based 
battery thermal 
management system 
presents a very good 
thermal performance, 
keeping the 
temperature of the 
cell at below the 
management 
system 
cells were placed 
directly in the 
blocks of PCM 
material which act 
as heat absorbers.  
The PCM material 
was then cooled 
through a set of 
heat pipes which 
are place between 








Following the above investigation, it can be concluded that different thermal boundary configurations 
require different thermal management techniques and methods. Xia et al. [113] also explains that when 
a cooling medium such as air or liquid is employed, the way which the coolant is passed through the 
battery pack must be carefully analysed and configured. This meant that for example, when the cooling 
configuration is set in a series arrangement, the heat absorbed by the coolant might be delivered to the 
cells which are located along and towards the end of the flow path, resulting in an uneven distribution 
of heat and even increase of temperature of the cells which are located towards the end of the path. On 
the other hand, for a parallel configuration, the flow rate may not be equally distributed though the 
battery cells, resulting again in an irregular distribution of between the cells.  
On the other hand, direct cooling as demonstrated by Ren et al. [115] resulted in an increase of the 
cooling performance efficiency, which was mentioned to be due to the increased  and direct contact 
between the battery cells and the cooling medium. Having said that and as presented by Al-Zareer et al. 
[116], Javani et al. [118] and Rao et al. [119], the use of Phase Change Materials (PCM) and heat pipe 
based configurations also provided promising results, in some cases eliminating the need for a complex 
system design and improving the overall system performance. Furthermore and as shown by Ling et al. 
[122] and Huang et al. [123], several successful attempts also have been made to improve the efficiency 
and effectiveness of these thermal management systems, generally by integrating and combining 
different methods and techniques with each other. Nevertheless and as discussed by Xia et al. [113] and 
Murashko et al. [120] the application of these technologies found out to be mainly dependent on 
parameters such as cost, size, compactness, and reliability of the overall system.  
5. Conclusion 
The functionality and applications of thermal management techniques used for batteries in industrial 
applications have been investigated and analysed. Through a state of the art literature review, different 
types of batteries and their applications were discovered and based on that, it was explained which 
batteries provide the best performance and what technologies can be used to manage their thermal 
boundaries. 
It has been explored how all batteries function based on an electrochemical process and how the 
operating performance of batteries depends largely on temperature. It was indicated that the internal 
chemical reaction in the batteries is activated either by temperature or voltage difference. It was also 
demonstrated that in simple terms the hotter the battery gets, the quicker the electrochemical process 
takes place. This, was further illustrated to be true until to a certain operating temperature. The rise in 
heat was investigated to also result in the increase of unwanted reactions within the battery which 
accordingly causes loss of battery capacity and an increase in self-discharge rate. 
It was explained how such phenomena can be tackled through employing thermal management 
techniques and through heating and cooling methods. Based on this, it was shown that it is easier to 
thermally manage a battery that is suffering from low-temperature effects. The thermal management 
for this was demonstrated to be simply achieved by using the internal energy of the battery or from an 
external source.  
To follow this, this paper also showed that techniques which can be employed to cool down batteries 
can be more complicated than the methods used for heating. These systems were indicated to make the 
use of several heat transfer principles to actively or passively take the generated heat away from 
batteries. The main advantages offered by cooling techniques was demonstrated to include dissipation 
of excessive heat, protection from overheating and uniform distribution of heat through the battery pack. 
Several evidences were also presented as to the suitability of air, liquid and evaporative cooling methods 
for batteries in varied power applications.  
In conclusion, it was illustrated that it is vital to develop a battery thermal management configuration 
which can be used to prevent temperature increase and at the same time reduce the temperature of the 
cells, while keeping the temperature uniformity to a minimum. It was also shown that this way and 
through different thermal management systems, the life cycle and efficiency of the batteries can be 
improved. Nevertheless, it was demonstrated that different thermal management techniques and 
configurations offer different efficiency and performance. This meant that before applying a thermal 
management technique to a system, performance and condition parameters such as the optimum 
performance and configuration of the method used must be analysed. Overall, it can be claimed that as 
the demand for better batteries in terms of higher specific power, specific energy, longer life cycle and 
efficiency in increasing, the need for more proper thermal management systems and techniques is also 
more apparent, which can be used to achieve these goals. 
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